Effects of particle concentration on removal rates in chemical mechanical planarization ͑CMP͒ were investigated. Experimental data shows the removal rate scales with the cubic root of weight percent solids and is proportional to mean separation distance between particles in the slurry. Results show similar removal rate scaling with solid concentration for both silicon dioxide and copper films. This work also identifies a critical solid concentration needed to initiate removal for oxide or copper surfaces. The effects of particles on copper surface oxidation and roughness are further characterized by voltammetry and atomic force microscopy. Results show copper films become progressively smoother with additional solids in the slurry. Chemical mechanical planarization ͑CMP͒ is widely used in various industrial applications ranging from optical lens polishing to storage media and semiconductor manufacturing. An important characteristic of any CMP process is the overall removal ͑polishing͒ rate of the surface. Removal rate R is typically described in terms of Preston's law.
Chemical mechanical planarization ͑CMP͒ is widely used in various industrial applications ranging from optical lens polishing to storage media and semiconductor manufacturing. An important characteristic of any CMP process is the overall removal ͑polishing͒ rate of the surface. Removal rate R is typically described in terms of Preston's law. 1, 2 This is an empirical relationship that postulates proportionality of the removal rate to applied pressure P and relative velocity v of the surfaces in contact. That is
where A is the Preston coefficient. The coefficient is a function of several parameters including reaction kinetics, solids concentration, and surface properties. 2, 3 Although many systems are considered to follow Prestonion behavior, deviations are commonly observed and reported in literature. [4] [5] [6] Various adaptations of Preston's law have been proposed and a generalized relationship may be written as
where ␣ and ␤ are experimental constants. Quantities ␣ and ␤ are considered as adjustable parameters and are used to account for nonlinear variation of rate with kinetics or other factors. 7, 8 In this work, the effect of solids concentration on the Preston coefficient was studied using a linear model. As stated in the removal mechanism proposed by Kaufman 9 and others, 10, 11 accelerated removal rates are due to mechanical abrasion of the oxidized metal or hydrolyzed oxide surface by slurry particles. Previous reports have also shown increasing concentrations of abrasive particles in a CMP solution lead to increased removal rates. [11] [12] [13] The nature of the relationship between increases in removal rate and solids concentration is considered in further detail here. In dilute slurries, similar to those commonly used in CMP, the mean particle separation distance l is much larger than the particle size a. In these conditions, it is reasonable to expect A to be proportional to the frequency of collision between the particles and the polished surface ͑assuming fixed chemical composition͒. A general relationship for the Preston coefficient can be written as follows
where B is a constant, f is the frequency of collisions, c is solids concentration, and D is a constant independent of concentration. The frequency of collisions f is inversely proportional to the mean time between collisions . is proportional to the mean particle separation l and Eq. 3 can be rewritten as
The volume of an individual particle, V P , and the total volume occupied per particle, can be V P written as
where a is the particle radius, V T is the total liquid volume, and N P is the total number of particles. Furthermore, weight percent can be defined as
where W P is the weight of the particles
and W T is the total weight of the solution
where P and W are the density of the particle and the density of solution, respectively. Substituting Eq. 8 and 9 into Eq. 7 yields
Further substitution of Eq. 5 and 6 into Eq. 10 yields 
Substitution of Eq. 6 into Eq. 13 yields
͓14͔
Because l is proportional to w Ϫ1/3 ͑where w is the solids weight percent in the slurry͒ Eq. 4 is reduced to the following relationship
is valid for Prestonian systems with constant chemical composition, pressure, and velocity.
Experimental
Silicon dioxide films ͑450 nm thick͒ were prepared via chemical vapor deposition ͑CVD͒ tetraethylorthosilicate ͑TEOS͒ on 200 mm silicon substrates. Copper films ͑1.2 m thick͒ were prepared by electrochemical deposition from a commercial electrolyte on physical vapor deposition ͑PVD͒ Cu seed ͑100 nm͒. Oxide wafers were polished using an alkaline slurry with silica particles with a mean size of 120 nm. Copper wafers were polished using proprietary acidic slurries comprised of silica-based particles with an approximate size of 40 nm. Prior to CMP, copper wafers were annealed in a furnace for sufficient time and temperature for complete recrystallization.
Oxide film thickness was measured before and after the CMP experiments using a commercial spectrophotometer. Copper film thickness was measured using a calibrated four-point probe. Data was collected for 30 points per wafer and removal rates represent the average values. The wafers were polished on a rotational tool for 60 s in each experiment. Experiments with varying solids concentration were done at constant pressure and rotational velocity.
Results and Discussion
Experiments were first performed to verify Prestonian behavior of the system. Figure 1 shows linear scaling of Cu removal rate with the Pv product; similar behavior was observed for the oxide films.
The rate data was normalized by maximum removal rate and Pv product was normalized by the maximum as well. For both oxide and copper films the experimental data was in good agreement with the predictions in Eq. 1.
In comparing the removal mechanisms of oxide and copper films, copper must undergo an additional oxidation step prior to removal. As described in the work by Kaufman et al., 9 the steadystate removal involves dynamic formation and mechanical removal of oxides. The oxidation and removal of copper in these experiments was examined using voltammetry under abrasive and nonabrasive conditions. A Pt rotating disk electrode ͑RDE͒ electroplated with approximately 10 m of Cu was rotated at 300 rpm and pressed against a polyurethane pad. Down force was approximately 50 kPa as the weight of the RDE apparatus rested entirely on the disk. Figure 2 shows steady-state potentiodynamic scans of the electroplated Cu electrode in an acidic solution with an oxidizing agent. Scans were taken during polishing with ͑Ͻ1 wt %͒ and without abrasives. As seen in Fig. 2 , the exchange current density and anodic slope increase when particles are present. In the absence of particles, the anodic portion of the curve shows lower currents indicating the presence of a passivating surface oxide. When particles are added to the system, the rest potential is shifted approximately 50 mV cathodically and the anodic current is significantly greater with overpotential. This behavior indicates the mechanism of chemical oxidation followed by mechanical removal is experimentally apparent for the dilute slurries ͑Ͻ1 wt %͒ considered here.
To examine the relationship between solids concentration and removal rate ͑Eq. 15͒, the polishing velocity and pressure were fixed and the weight percent of solids in the slurries was varied. Figures 3  and 4 show the normalized removal rate as a function of the normalized weight percent of solids for SiO 2 and copper substrates. The y axis ͑normalized removal rate͒ was made dimensionless by the maximum removal rate for each system. The x axis ͑normalized wt %͒ was made dimensionless by the maximum weight percent used in the each set of experiments. The error bars in Fig. 3 and 4 represent the standard deviations in removal rates across all measured points.
In Fig. 5 the removal rate data from Fig. 3 and 4 is plotted as functions of wt % 1/3 . In Fig. 5 , both x ͑wt % 1/3 ͒ and y axis ͑removal rate͒ were normalized by the maximum solid concentration and maximum removal rate in the copper system, respectively. As seen in each case ͑Cu or SiO 2 ) the removal rate scales linearly with wt % 1/3 after a critical onset concentration is reached. The scaling in this regime demonstrates the removal is directly proportional to the frequency of collisions. At high solid concentrations ͑once l is no longer ӷ R), the scaling behavior no longer follows a collision frequency and removal rate is independent of solid concentration. 13, 14 The differences in critical onset concentrations reveal differences in removal mechanisms and kinetics between the two systems. While Cu may be removed efficiently at a relatively lower solids concentration, oxide films require more energy ͑thermal or mechanical͒ to reach the linear removal rate regime. Oxides of copper appear to be more easily removed with relatively lower solids concentration compared with silicon dioxide films. The nature of the relatively lower critical concentration may be attributed to mechanical or chemical effects. Mechanically, the oxides of copper are known to show relatively poor adhesion to the elemental copper. This is in contrast to metals such as aluminum or tungsten where the oxides show much better adhesion to the elemental metal. Further work with other metals is needed to separate effects of adhesion and kinetics on the critical solids concentration.
To better understand the impact of chemistry on removal rate, two copper slurry chemistries were compared. The components and concentrations of the slurries were equivalent in all respects with the exception of the corrosion inhibitor, triazole ͑TA͒ or benzenetriazole ͑BTA͒. Figure 6 shows the normalized removal rate as a function of the normalized weight percent for both chemistries. When particles are absent the slurry with BTA shows significantly lower removal rates ͑ϳ3.5 times͒ than the slurry with triazole. As seen in Fig. 6 , the removal rates collapse to an equivalent relationship ͑ϳwt % 1/3 ͒ with the introduction of solids. These results demonstrate the removal mechanism in the regime remains linearly dependant on frequency of collisions despite differences in slurry chemistry. No differences in critical concentration were observed indicating mechanical effects may dominate the critical onset concentration in these slurries.
In addition to considering the effect of solids on removal rates, it is important to consider the effects of solid concentration on surface morphology. Surface roughness should be minimized to promote easy integration of subsequent metal levels and to maintain the integrity of the Cu-dielectric interface. Figure 7 shows threedimensional atomic force microscopy ͑AFM͒ images of the polished and unpolished copper surfaces. As seen in Fig. 7A and B, the surface obtained with an abrasive-free polish ͑Fig. 7B͒ shows grain boundaries are attacked resembling the rough unpolished surface ͑Fig. 7A͒. With introduction of abrasive particles to the slurry surface roughness was reduced by 3.5 times ͑Fig. 7B, C, and D͒. Continuous reduction in surface roughness was observed with increasing particle concentration. Figure 8 plots the root mean square ͑rms͒ roughness values as a function of abrasive concentration.
Conclusions
CMP removal rates ͑viz. Preston coefficient͒ were found to scale linearly with wt % 1/3 for dielectric and metal substrates. Experimental results show good agreement with theory in dilute solutions, where the cubic root of weight percent is roughly proportional to mean separation distance between abrasive particles in the slurry.
As seen in Fig. 5 , the critical particle concentration before significant removal rate is achieved was approximately sixfold greater for oxide (SiO 2 ) than for copper surfaces. The difference in critical onset concentrations reveals differences in removal mechanisms and activation between the two systems. In addition to relative differences in removal rates of oxide and copper films, solid concentrations have a tremendous impact on overall planarity and interconnect performance on patterned wafers where dielectric and metal films are exposed simultaneously. Considering that both dishing and erosion are functions of bulk removal rates ͑of both dielectric and metal͒, the planarity may be minimized by tailoring the chemistry to provide either selective or nonselective removal profiles. 
